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Executive Summary

Challenges and Opportunities Related to the Development of
Wisconsin’s Off-Shore Wind Resources

Public Service Commission of Wisconsin
Docket 5-E1-144

Introduction

Wisconsin is a net importer of energy and has few native energy resources, with the
exception of renewable sources such as wind, hydroelectric, solar, and biofuels. Exploring
native and renewable energy sources is timely given the heightened concerns about global
warming, the availability of fuel supplies, and price volatility. Furthermore, reducing
Wisconsin’s reliance on fossil-fuel generation and moving toward a more diverse and renewable
energy portfolio will help achieve the net environmental benefits envisioned by the Governor’s
Task Force on Global Warming, including reduced carbon emissions.

The use of renewable energy in Wisconsin has grown in recent years, in large part due to
the establishment of a Renewable Portfolio Standard (RPS) in Wisconsin. This standard requires
that ten percent of the state’s electricity be produced from renewable sources by 2015.
Moreover, within the last year, both Governor Jim Doyle and the Task Force have recommended
expanding the RPS to 25 percent by the year 2025, with ten percent of total retail electric sales
coming from renewable resources within the state. Due to its availability, wind generation is
expected to become a large component of Wisconsin’s renewable energy portfolio.

Meeting the state’s energy needs by generating electricity from wind provides significant
environmental benefits over the use of fossil fuels. These include reduced dependence on
non-native energy sources, reduced emissions of air pollutants and greenhouse gases, reductions
in the generation of solid wastes, and little or no water consumption. Despite these benefits
however, there are concerns about using terrestrial wind resources for power, including its
reliability, its relative costs, its effects on wildlife, and its impacts on existing land uses.

While these concerns must be addressed, harnessing Wisconsin’s off-shore wind
resources offers several potential advantages over terrestrial wind projects. First, off-shore wind
projects in the Great Lakes have the potential to produce power on a larger scale, and thus may
be more economical, than terrestrial wind projects due to the presence of more robust and
consistent off-shore winds. Second, these same winds allow off-shore projects to use larger
turbines than could be used on land, with their higher potential output. Finally, off-shore
projects may produce fewer concerns about interfering with existing land uses. Taken as a
whole, these advantages have the potential to offset the challenges, risks, and higher initial costs
that might be expected with developing and operating an off-shore wind project.
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In recognition of these potential benefits and the need to identify potential concerns, the
Task Force recommended that the Public Service Commission of Wisconsin (PSCW) and other
state agencies complete a study of the feasibility of generating electricity from off-shore wind
resources in the Great Lakes. The study was to be completed by December 31, 2008. In April
2008, the PSCW opened docket 5-EI-144 and created an external Study Group to assist with
examining the technical feasibility, economic potential, environmental impacts, and legal
requirements associated with developing wind energy on Lake Michigan and Lake Superior.
The Study Group established four work groups to look more closely at specific issues related to
engineering and economics, the human environment, legal issues, and community involvement.

The Study Group found that while off-shore wind projects in the Great Lakes are
technologically feasible, there are significant technical, economic, environmental, and legal
issues to resolve. This report summarizes the Study Group’s preliminary investigation, and
includes the key findings and challenges identified by each of the work groups. Where
appropriate, the Study Group identified options for addressing the most significant barriers to the
development of off-shore wind should the State of Wisconsin decide to pursue this alternative
energy source.

It should be noted that the Study Group was not asked to determine whether the
development of off-shore wind is in the best interest of the State of Wisconsin or its citizens. As
a result, nothing in this report should be construed as a recommendation for or against the
development of off-shore wind projects in the Great Lakes. Instead, the report is intended to
identify the key issues and to assist policy makers in evaluating the available alternatives to
meeting the state’s energy needs.

Engineering and Economic Issues

The Study Group assessed a variety of technical and economic issues associated with
off-shore wind projects. It concluded that, while the development of off-shore wind is feasible in
the near-shore areas of the Great Lakes with present day technology, there are significant
technological challenges with the development of wind projects in deeper water locations where
the best project sites may be located. The issues and challenges identified by the Study Group
were grouped into five categories: 1) the characterization of Great Lakes wind resources; 2)
issues related to the design, installation, and decommissioning of off-shore wind projects; 3)
evaluation of transmission infrastructure; 4) the comparative costs of off-shore wind, and 5)
project financing and incentives.

Characterization of Great Lakes Wind Resources

Any off-shore wind project in the Great Lakes will need to be large to take advantage of
economies of scale. Obviously, larger projects will affect larger expanses of open water.
Further, European experience with off-shore wind projects has demonstrated that such projects
typically require more area than comparable terrestrial wind projects, due to the wind disturbance
caused by multiple rows of turbines. For example, the proposed Cape Wind project near Cape
Cod, Massachusetts, with a proposed capacity of 468 megawatts (MW), would require 26 square
miles to accommodate 130, 3.6 MW turbines, which is a density of about 18 MW per square
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mile. A similar density could be expected for a similarly sized project on Lake Michigan.
Although large, 26 square miles represents approximately 0.1 percent of the total surface area of
Lake Michigan.

One of the difficulties encountered by the Study Group was the lack of consistent,
measured wind speed data for the Great Lakes. While preliminary studies suggest that
Wisconsin’s off-shore wind resources would be more robust for energy generation than its
terrestrial wind resources, a lack of data makes the identification of the best potential sites for an
off-shore project difficult. For example, it is not known whether the best wind resources would
occur over deeper water, where construction of turbine foundations would be more challenging.

The Study Group believes that more comprehensive off-shore wind data is needed before
proceeding with an off-shore wind project on the Great Lakes. Specifically, it would be
beneficial to collect at least three years of off-shore wind data at turbine height and at the
locations where projects would most likely be located. Three years would establish a reasonable
level of confidence in this data. Less than three years data could be acceptable if the new data
can be correlated with existing wind data sources for Lake Michigan. These data could be used
to develop a wind potentials map of Wisconsin’s off-shore wind resources that would be useful
in evaluating various project locations. Additionally, this map could be used to identify areas
with good wind resources that should be eliminated as project locations due to conflicts with
recreational or commercial uses, the presence of legally protected areas, or concerns about the
effects of such a project on natural resources such as wildlife and fisheries.

Design, Installation, and Decommissioning of Off-Shore Wind Turbines

The Study Group investigated the design and components used in existing, commercial-
scale wind projects located off-shore in Europe to identify possible engineering or technical
challenges related to the construction of an off-shore wind project in the Great Lakes. In general,
the components used in existing off-shore wind turbines are essentially the same as those used in
terrestrial wind facilities. In fact, several turbine manufacturers, including Vestas and General
Electric, use the same basic design for both their on-shore and off-shore models. As off-shore
projects become more widespread, manufacturers could be expected to improve the technology
by optimizing turbines to take advantage of the lighter towers and blades that may be used
off-shore.

Although the turbines may be similar, the Study Group found that the design and
installation of the foundations used to support off-shore wind turbines is much more complex
than at terrestrial facilities, due to the conditions presented by aquatic environments. The Study
Group identified a number of unique conditions that could be faced by an off-shore project on
the Great Lakes. Most significantly, these include the need to design foundations that can
withstand the effects of winter ice formation on the Great Lakes, and the possibility of having to
place turbine foundations at depths greater than those encountered by existing off-shore projects.

According to the National Oceanic and Atmospheric Administration, ice thickness ranges

from .05 to 0.8 meters on Lake Superior and from 0 to 0.5 meters on Lake Michigan. Because
existing projects are located in saltwater, there are no off-shore projects anywhere in the world
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that would be subject to similar winter ice conditions. Nonetheless, conical ice collars that are
designed to break up ice at the point of contact have been used successfully on European wind
turbine foundations, North American bridges, and other structures placed in the water. Thus, the
Study Group believes that existing technology would be sufficient to withstand the unique winter
conditions in the Great Lakes.

Existing off-shore wind projects have generally been limited to waters that are less than
30 meters deep. These projects typically have used gravity, monopile, or suction bucket
foundation designs. Depending on the geologic conditions at the project site, the Study Group
believes that these designs could be readily adapted for use at similar in the Great Lakes.
However, the vast majority of Lakes Michigan and Superior are deeper than 30 meters, and as
noted, it is not known whether adequate wind resources exist in these shallow-water areas. Thus,
it is likely that an off-shore wind project in the Great Lakes would require turbine foundation
designs that could be installed in deeper water. While some deeper water foundation designs
exist, such as a Scottish installation at a depth of 44 meters in the North Sea, most remain in the
conceptual or demonstration phase. As a result, it may be necessary to develop the technology
needed to place wind turbines at the depths and locations where the best wind resources occur in
the Great Lakes.

Regardless of the depth at which a project would be located, the installation of off-shore
wind turbines in the Great Lakes will likely require the use of specialized vessels, such as
jack-up barges and barge-mounted cranes. However, the Study Group found that there are no
vessels currently operating in the Great Lakes that are capable of constructing many of the
turbine and foundation designs that were evaluated. Although some deep water foundation
alternatives, such as floating platform designs, may eliminate the need for jack-up barges
because the work could be performed by tug boats, these foundation designs are still in the
development stage.

More importantly, the Study Group found that there would be significant obstacles to
obtaining the necessary vessels from outside of the Great Lakes. First, jack-up barges are in high
demand worldwide in the off-shore oil industry. The cost for a jack-up barge with sufficient
capacity to erect a 2 MW turbine ranges from $50,000 to $60,000 per day, with additional costs
of up to $19,000 per day for a crane. Second, federal law requires that ships carrying
merchandise or passengers in the U.S. territorial waters or between U.S. ports be U.S. built and
owned, and be documented by the United States Coast Guard. This precludes the use of foreign-
built or foreign-flagged ships to install the components of an off-shore wind turbine. Finally,
even if a suitable U.S. built, owned, and operated ship could be located, its entry into the Great
Lakes may be limited by the size of the navigation channels available through the St. Lawrence
Seaway and the Chicago Sanitary and Ship Canal.

In addition to the design and installation concerns identified by the Study Group, an
off-shore wind project would require a corresponding on-shore location known as a lay-down
area to store the turbine components prior to assembly and installation. Because many of these
components are currently manufactured in Europe and Asia, they would need to be shipped to a
port in Wisconsin that has adequate facilities to unload and store the components. The Study
Group estimated that 30 wind turbines would require approximately eight acres for lay-down and

Page 11 of 195



additional area to pre-assemble some of the components before installation. However, the Study
Group found that sufficient facilities would be available in Milwaukee, Green Bay, and Superior,
and may be available in other Wisconsin cities along the Great Lakes.

Finally, as part of the project design, it is necessary to plan for the eventual
decommissioning of the off-shore wind project, including determining whether the entire turbine
foundation should be removed from the lake. The Study Group found that decommissioning an
off-shore turbine would likely require similar equipment to that used for the initial project
construction. In addition, an important element of project decommissioning will be to locate
markets for the materials used in the turbine. Currently, there are developed markets for
recycled concrete, steel, aggregate, and metals. In contrast, there is no market for the fiberglass
blades used for wind turbines.

Evaluation of Transmission Infrastructure

An off-shore wind project will require the development of some transmission
infrastructure to move the power to the energy market. This would include both on-shore and
off-shore transmission facilities in the Great Lakes. The Study Group found that typically,
off-shore turbines are connected by underwater cables to an off-shore collector substation, which
increases the voltage prior to sending electricity to shore. The necessary transmission voltage
depends on the size of the wind project, the distance between the substation and shore, and the
voltage of the existing transmission system where the connection will be made. Depending on
the project’s size, one or more off-shore substations may be needed. The substation components,
including the step-up transformer, would likely need to be mounted on a foundation similar to
those used for the turbines.

In addition, one or more medium, high, or extra-high voltage cables would be needed to
connect the off-shore substation to the on-shore transmission grid, depending on the amount of
power generated off-shore. The cables connecting the turbines to the substation and linking the
substation to the shore may either be buried in the lake bed or placed directly on the lake bottom.
Because the technology for placing underwater cables is mature, the Study Group did not
identify any unique technical or engineering concerns related to the installation or operation of
transmission cables for an off-shore wind project.

Finally, the off-shore facilities will need to connect to the on-shore transmission system
in order to move the electricity to market. The Study Group believes that Wisconsin’s existing
transmission system along Lake Michigan could support the development of off-shore wind
projects smaller than 600 MW that are located near a city without substantial upgrades to the
transmission system. However, projects larger than 600 MW may require more substantial
upgrades to the existing transmission system, including developing new transmission lines. The
Study Group notes that, regardless of whether an off-shore wind project is built, Wisconsin’s
transmission needs should be viewed in the context of larger regional plans and trends. These
include the transmission of wind-generated power from the Great Plains to the eastern United
States, the adoption of Renewable Portfolio Standards by other states, and the development of
off-shore wind in the Great Lakes. Nonetheless, the Study Group believes that developing a
transmission line parallel to Lake Michigan, either off-shore or on land, would help not only to
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support the potential development of off-shore wind projects, but it would also help to better
serve Wisconsin’s existing load centers.

Off-Shore Wind Costs

The Study Group attempted to assess the relative costs of generating electricity using
off-shore wind turbines compared to other energy sources, including terrestrial wind. However,
it was difficult to estimate the cost to design, build, and operate an off-shore project in the Great
Lakes because there are no off-shore wind projects currently built in North America. While
several off-shore projects have been built in Europe, most are smaller than 100 MW and are
located in shallow, saltwater environments where winter icing has not been a concern.
Nonetheless, the Study Group relied heavily on the European experience to provide some insight
into the expected costs of constructing, operating, and maintaining off-shore wind in the Great
Lakes.

There are a number of factors that might tend to increase the cost of off-shore wind
energy relative to other energy sources. First, wind turbine components and the materials from
which they are made are generally in high demand worldwide. This demand has driven up prices
by as much as 85 percent since 2002." Second, construction costs for off-shore wind turbines are
expected to be higher than comparable terrestrial facilities, especially given the concerns noted
by the Study Group related to placing turbine foundations in the deeper waters of the Great
Lakes. Finally, operations and maintenance costs for off-shore wind turbines at European
installations are higher than comparable land-based installations. This can be attributed to the
need for specialized personnel and equipment to service the turbines, the additional time required
to get to the project site, expected increased insurance costs, and the additional hazards presented
by operating off-shore.

On the other hand, there are several factors that might tend to reduce the relative cost of
energy produced from off-shore wind facilities. For example, because the Great Lakes offer the
potential for larger wind installations, the economies of scale may help to reduce the relative cost
of off-shore wind. Similarly, the presence of more consistent winds with higher speeds on the
Great Lakes could be expected to result in more efficient operation of off-shore turbines
compared to terrestrial projects. The efficiency of a wind turbine can be measured by its
capacity factor, which is a comparison of its actual power production over a given time with the
amount of power that could have been produced if the turbine had operated at full capacity for
the same amount of time. Off-shore capacity factors are expected to improve as the technology
and experience with their operation improves, which should serve to further reduce the cost’kWh
for off-shore projects.

To illustrate the range of energy costs that could be expected from differing off-shore
projects, the Study Group developed two hypothetical examples to demonstrate the possible
range of construction costs. The first is a 200 MW project that would be built in shallow water,
five miles off-shore, using existing technologies. When compared to a similarly sized terrestrial

' U.S. DOE Energy Efficiency and Renewable Energy. Annual Report on U.S. Wind Power Installation, Cost and
Performance Trends: 2007. May 2008. http://www].eere.energy.gov/windandhydro/pdfs/43025.pdf
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project, it is estimated that the construction costs for this project would be approximately 140 to
200 percent more; the operations and maintenance costs would be approximately 125 to 250
percent more. Assuming a 35 percent capacity factor, the total cost of energy for this project is
estimated to be $0.112 to $0.169 per kWh.

The second project is a 1,000 MW project, built in deeper water, located 20 miles
off-shore. While some of the technology necessary for pursuing such a deep-water project is still
in development, the more robust wind regimes anticipated 20 miles off-shore would result in an
approximately higher capacity factor. For this project, construction costs were estimated to be
185 to 300 percent and operations and maintenance costs were estimated to be approximately
125 to 250 percent of the costs for a similarly sized terrestrial project. Assuming a 40 percent
capacity factor, the cost of energy was estimated to be $0.126 to $0.211 per kWh. These cost
estimates could be expected to decrease significantly as deep water foundation technology
improves.

Based on these estimates, it appears that, at least in the short term, the cost of energy
generated from an off-shore wind will likely exceed the cost of energy generated from terrestrial
wind projects. However, this assumes that there are no changes in current technology, policies,
regulations, or energy prices. It should be noted that there was some disagreement among the
members of the Engineering and Economics Work Group with respect to the estimation of the
construction costs for the hypothetical off-shore wind projects. The estimates are given as
ranges to reflect the availability of data and the level of uncertainty. Nonetheless, the Study
Group decided to include these cost estimates in this report because they represent the best
available information and will be important for helping policy makers in evaluating the potential
for developing off-shore wind resources.

Project Financing and Incentives

Based on the Study Group’s estimates, the present-day differential between the cost of
off-shore wind projects and terrestrial wind or fossil-fuel generation represents a challenge to the
development of an off-shore project. However, if the State of Wisconsin decides to pursue the
development of off-shore wind, it could provide financing or other incentives that would help to
reduce the perceived risk and the cost premiums associated with off-shore wind.

A number of incentives for alternative energy sources already exist, but their availability
depends on who is developing the project. If Wisconsin would like these incentives to apply to
any type of developers of off-shore wind, legislative changes may be necessary.

In addition to the incentives that are currently available, the Study Group also
investigated financing options available for other types of energy projects. Examples of such
financing alternatives that could be considered for off-shore wind development include the
following: cost sharing and grants, tax-based incentives such as tax credits or accelerated
depreciation, regulatory incentives, credit-based incentives such as securitized or lease
generation financing, credit-based incentives, as well as RPS and purchase-power-agreement
guarantee incentives. In most cases however, state and/or federal laws would need to be changed
to allow for the use of incentives for an off-shore wind project.
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Human Environment Issues

The Great Lakes are the single largest freshwater ecosystem in the world and are a unique
national treasure. They support a diverse ecosystem upon which many plant and wildlife species
depend and provide significant economic and recreational value to humans. The Human
Environment Work Group was charged with identifying the potential effects, both positive and
negative, of an off-shore wind project on the Great Lakes ecosystem and existing human uses of
the Great Lakes. The most likely effects identified can be grouped into the following categories:
effects on wildlife and aquatic life; terrestrial effects; and effects on human activities.

However, the Study Group found that, without an actual project proposal, it is difficult to
quantify the effects of an off-shore wind project in the Great Lakes. Because the effects of such
a project will depend on the specific characteristics of a project, such as its size and location, the
Work Group simply attempted to describe the range of effects on human uses and the natural
environment that could be expected. Many of the potential impacts identified will require more
detailed analysis.

To address this need, it may be beneficial for the State of Wisconsin to develop a generic
environmental impact statement that identifies whether off-shore wind projects could be
expected to have significant adverse environmental impacts. This would help policy makers in
making informed regulatory decisions and would assist in the development of a site-specific
analysis if an actual project is proposed. In addition, if the State decides to pursue developing a
generic environmental impact statement for an off-shore wind project, it may wish to partner
with other Great Lakes states, federal agencies, the wind power industry, and other interest
groups to collect and share the data needed.

Effects on Wildlife and Aquatic Life

The potential effects of an off-shore wind project on wildlife and aquatic life, including
migratory birds, bats, and fisheries, was one of the primary concerns identified by the Study
Group. Specifically, many species of migratory birds and bats are known to follow the Great
Lakes during peak migration periods from mid-April to late May and again from mid-August
through late September. However, the details about the distribution, abundance, behaviors and
movements of the various species are not well known. Additional research is needed to address
gaps in the understanding of migratory bird and bat movements near or over the Great Lakes.

The Study Group found that it is difficult to determine the effects of off-shore wind
turbines on fisheries and aquatic life because these may vary considerably depending on where a
project is located. For example, a project located in a critical fish spawning area may have a
larger impact than one that is located in an area that is not. In other cases, wind turbine
structures could be designed to enhance habitat for some fish species. Nonetheless, the aquatic
communities of the Great Lakes are under stress from multiple causes, including aquatic invasive
species and non-point source pollution. As a result, until more information is available, the
Study Group believes that it is important to carefully evaluate project locations for their effects
on aquatic ecosystems. Some factors that should be included in this evaluation include location
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of sensitive habitat such as spawning reefs, lake currents, aquatic invasive species, contaminated
sediments, submerged logs, electromagnetic fields, noise, as well as the potential for spills of
hazardous materials.

Terrestrial Effects

While the majority of the activity associated with an off-shore wind project will be
located in the waters of the Great Lakes, the Study Group identifies some terrestrial effects that
could be expected. For example, the construction of an off-shore wind facility may require the
use of lay-down areas, staging areas, port facilities, and transmission system interconnection and
improvements. While none of these activities would be unique to an off-shore wind project, it is
important that the effects of these activities on sensitive environmental, historical, cultural, or
recreational areas be included in the evaluation of any off-shore wind project.

One possible negative effect that should be evaluated for an off-shore wind project is its
aesthetic effects on the Great Lakes shoreline. People value the Great Lakes for many reasons,
including its uninterrupted view from the shoreline, and visual and aesthetic effects have been a
concern in the location of other wind projects. The Study Group found that the aesthetic effects
of an off-shore project will vary depending on the site location, the size and number of the
turbines used, the orientation of the project site, and any navigational or other display lighting
used. Involving communities near a proposed off-shore project early in the process, including
developing simulated photographs of the project site, may help the public better understand the
visual impacts of a proposal.

In contrast, an off-shore wind project would not likely raise concerns about shadow
flicker and turbine noise. Shadow flicker describes the effect of sunlight passing through
rotating turbine blades. Because the effects of shadow flicker diminish significantly with
distance from the turbine, this concern may be alleviated for projects located off-shore.
Similarly, noise from day-to-day turbine operation or from an initial construction project may be
less than a typical terrestrial project, and it will diminish the further a project gets off-shore.
Generally speaking, human impacts that result from a wind project — whether it is terrestrial or
off-shore — can be lessened through careful siting considerations.

Effects on Human Activities

The Study Group found that an off-shore wind project could potentially affect a number
of human activities and uses of the Great Lakes. Projects could additionally impact Great Lakes
cultural and historic sites, commercial and recreational fishing, commercial and recreational
navigation, air traffic, and communications. For example, there are numerous prehistoric and
historic communities along the margins of the Great Lakes, as well as historically significant
shipwrecks and other associated submerged features. Further, many of the region’s Native
American communities have a religious and historical linkage to the Great Lakes. The Study
Group believes that the effects of a wind project on these activities and cultural resources could
be minimized through careful selection of suitable project sites.
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Lake Michigan and Lake Superior support sizeable commercial, tribal and recreational
fisheries valued at over $1 billion. While most commercial and recreational fishing activities
take place within roughly three miles of shore, some fishing activity occurs throughout Lake
Michigan and Lake Superior. The Study Group believes that it is important that any off-shore
wind project maintain or enhance the economic and cultural components associated with these
fisheries.

The Great Lakes are an important link in the nation’s transportation infrastructure; they
are used by air traffic and provide opportunities for recreational boating. While much of the
recreational activity is relatively near-shore, the entire lake area is used at one time or another by
recreational boaters. The United States Army Corps of Engineers (USACE) maintains
navigation channels in the near-shore shallow waters of Lakes Michigan and Superior. Given
the size of the Great Lakes, the Study Group believes that it would be possible to locate an
off-shore wind project in a manner that would not significantly affect air traffic or commercial or
recreational navigation. For example, effects on air traffic could be minimized by avoiding
locations near airports, and hazards to navigation could be addressed by avoiding navigation
channels and by marking the location of off-shore wind facilities on nautical charts.

The Study Group also investigated concerns that wind turbines on the Great Lakes could
interfere with various electronic signals and modes of communication, including radar and ship-
to-ship communications. The draft environmental impact statement for a proposed project
located off Cape Cod, Massachusetts, concluded that the project would have minor impacts on
communications, because impacts would mostly be limited to within one half mile of the project
site. Research and actual experience to date from operating off-shore wind projects in Europe
appear to support this conclusion. For example, European experience has demonstrated that
off-shore turbines have some impact on marine radar systems, although there have been no
documented safety problems. Nonetheless, the Study Group believes that such concerns can be
minimized or eliminated through careful site selection and through conditions that may be placed
on the operation of an off-shore facility during the approval process.

Legal Issues

The Study Group identified a number of potential legal issues related to the development
of wind projects on the Great Lakes. Such projects would require a complicated review and
multiple approvals under state and federal laws, as well as coordination and consultation among
federal, state, local, and tribal governments. Although the State of Wisconsin would have the
primary responsibility for regulating off-shore wind projects in the Wisconsin waters of the
Great Lakes, due to its public trust responsibilities, it would be necessary to obtain federal
approval as well. The primary regulatory agencies that would be involved in reviewing the
project would be the PSCW, Wisconsin Department of Natural Resources (WDNR), and the
USACE, although other agencies would have some responsibility for reviewing certain aspects
of such a project. In addition, the Study Group found that it would be necessary to consult with
Wisconsin’s Indian tribes on any regulatory decisions related on off-shore wind projects that
could affect tribal lands, rights or interests, such as fishing rights in Lake Superior.
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While existing law does not appear to prohibit the development of wind energy in the
Great Lakes, there are uncertainties about whether existing regulatory authorities are sufficient to
allow such projects to proceed. Most significantly, it is unclear whether the placement of the
necessary infrastructure on the beds of the Great Lakes could be permitted under existing
Wisconsin law. Although current State law authorizes the placement of electric transmission
facilities on submerged lands, there are questions about whether the placement of other
structures, such as wind turbines, could be authorized under existing statutory processes.

The Work Group identified three mechanisms under which the State may possibly authorize
the placement of certain structures on the beds of the Great Lakes:

1) Public utilities, as defined in Wis. Stat. §196.01(5), may seek a permit from the WDNR
to construct utility facilities on the beds of the Great Lakes under Wis. Stat. § 30.21.

2) Riparian landowners, including municipalities, who own land adjacent to a navigable
water body, may seek approval from the WDNR to place structures or deposit materials
on the beds of navigable waters under Wis. Stat. § 30.12.

3) Lakebed grants may be made by the Legislature to public entities, including local units of
government, for public trust purposes under Wis. Stat. § 13.097.

If the Legislature were to expand their purpose, lake bed leases under Wis. Stat. § 24.39 could
provide a fourth pathway for such projects. However, none of these mechanisms have been used
to permit a similar type of project in the Great Lakes. It may be beneficial for the Wisconsin
Legislature to address the legal questions - including findings related to the public trust doctrine -
about the placement of wind turbines in the Great lakes, to clarify which entities may apply for
permits, and to address the standards for siting and permitting off-shore projects.

Another concern identified by the Study Group is whether a proposed off-shore wind
project in the Great Lakes would be subject to oversight and approval by the PSCW under
existing law. In general, the PSCW has the primary jurisdiction for reviewing and approving
electricity generation and transmission facilities in Wisconsin. However, projects that are
smaller than 100 MW and are proposed by entities other than public utilities do not require
PSCW approval. As a matter of policy, it may be beneficial to ensure that any off-shore wind
project require a certificate of public convenience and necessity from the PSCW.

Finally, due to the number of overlapping federal jurisdictions and federal laws that
would be involved with a review of off-shore wind projects in the Great Lakes, it may be
beneficial for a single federal agency to serve as the lead agency for coordinating the federal
review of such projects in the Great Lakes. This would be similar to the procedure used for
reviewing energy projects on the Outer Continental Shelf. Because the USACE has significant
jurisdiction for projects that occur in navigable waters under the Clean Water Act and the Rivers
and Harbors Act, as well as experience with other large-scale projects in the Great Lakes, it may
be appropriate to designate this agency to serve in this role.
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Community Involvement Issues

The Community Involvement Work Group conducted a variety of activities to gauge the
initial public reaction to the concept of an off-shore wind project. However, its investigation
spurred little public feedback about off-shore wind during its course. The public input that was
received during the course of this investigation leaned heavily towards interest in more
information about wind power in general. Specific community interest and inquiries are likely to
increase when an actual project is proposed at a Great Lakes location.

The selection of a project location should be and will be a driver in community
involvement. Project developers should expect to engage the communities near a potential
off-shore wind project early and often.

Conclusion

The Study Group found that while off-shore wind projects are technically feasible and
represent one potential approach to meeting a portion of the State’s long-term energy needs, the
development of such projects in the Great Lakes will require a coordinated effort by state and
federal agencies, local government, affected Indian Tribes, and possibly the Wisconsin
Legislature. Of the two lakes, Lake Michigan likely offers the greatest opportunities for
development of off-shore wind projects and should be the focus of any future efforts by the
State. Wisconsin’s waters in Lake Superior are not extensive and a substantial portion is subject
to development or use restriction. Should the PSCW decide to continue its investigation of off-
shore wind development in the Great Lakes, the likely next step would be to collect wind
resource, wildlife, and other ecological baseline data at specific lake sites. The off-shore
capacity factors will be one of the fundamental economic drivers for these projects and will help
to define the risk for the first Wisconsin project. Other possible next steps could include the
following:

e Further investigate and promote research and development on deep water foundations;

o Initiate discussions with local ship builders, other states and Canada on procuring a
construction vessel for the Great Lakes; and

e Begin working with the Wisconsin Legislature to consider legislative changes that would
facilitate the development of off-shore wind on the Great Lakes.

While tapping the vast wind resources on the Great Lakes has the potential to create significant

quantities of renewable energy for Wisconsin, further investigation is required before moving
forward with a large scale project.
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2. INTRODUCTION

Wisconsin has few native energy resources, with the exception of renewable energy
sources such as wind, hydroelectric, and biofuels. Instead, Wisconsin currently generates a large
majority of its in-state energy from non-renewable sources, and it imports all of the natural gas,
coal, and uranium used to generate electricity in the State. With heightened concern about global
warming, fuel supplies, and price volatility, exploring in-state renewable energy sources is a
necessity. By the end of 2008, Wisconsin will be home to wind projects with a total rated
capacity of 449 MW.? A list of current Wisconsin wind power sites is provided in Appendix G.
Recently, Wisconsin’s renewable energy usage has grown, in large part due to the State’s
Renewable Portfolio Standard (RPS) of producing ten percent of our electricity from renewable
energy sources by 2015. However, within the last year, both Governor Jim Doyle and the
Governor’s Task Force on Global Warming (Task Force) have recommended a RPS of 25
percent by the year 2025 with ten percent of total retail electric sales coming from renewable
resources within the State. The Task Force further recommended that, no later than December
31, 2008, the Public Service Commission of Wisconsin (PSCW) and other state agencies
complete a study of the potential for developing off-shore wind resources in the Great Lakes.

On April 3, 2008, the PSCW opened Docket 5-EI-144 to commence a Great Lakes Wind
Study to look at the technical feasibility, economic potential and environmental impacts of
developing wind energy on Lake Michigan and Lake Superior. The PSCW collaborated with the
Department of Natural Resources (WDNR), the Board of Commissioners of Public Lands
(BCPL), and the Department of Administration (DOA) to establish and convene a study group.
The main study group (“Study Group”) met numerous times to plan the investigation, share
information, and discuss conclusions. Four Work Groups were established to look more closely
at specific issues: Engineering & Economics, Human Environment, Legal and Community
Involvement. Each Work Group met numerous times. The Study Group and the four related
Work Groups conducted their business publicly. All meetings were open to the public, and
documents were shared via the PSCW website. This report represents the final work product of
the Study Group. Members of the Study Group and the related Work Groups are identified in
Appendix A.

2.1 Options to Meet Wisconsin’s RPS

Moving Wisconsin away from its reliance on fossil-fuel energy generation toward a more
diverse and renewable energy portfolio will help to achieve carbon emission reductions and the
net environmental benefits envisioned by the Task Force. However, Wisconsin’s move toward
greater energy independence must be balanced with a careful exploration of the State’s various
renewable energy options, with a focus on developing renewable energy resources efficiently
and responsibly. Such an exploration should include careful consideration of market and
technology maturation, assessment of available transmission infrastructure, evaluation of costs
and impacts on Wisconsin’s ratepayers, thoughtful examination of environmental and
community impacts and analysis of how the legal framework may enable or impede a renewable

2 Wisconsin’s first modern, low-speed wind turbines were installed in 1998 essentially as a demonstration project.
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energy project. These renewable energy development criteria are largely the topics that fueled
this off-shore wind investigation.

If an expanded RPS with a ten percent in-state renewable energy requirement is adopted
in Wisconsin, the amount of renewable electricity that Wisconsin will need to generate over the
coming years is substantial. Electrical energy sales in Wisconsin in 2006 totaled about
70,000,000 megawatt-hours (MWh). The Task Force commissioned computer modeling that
forecasts this number will grow to about 106,000,000 MWh in 2025 if no new policies are
adopted or about 85,000,000 MWh in 2025 if the Task Force’s energy conservation and
efficiency recommendations are adopted. To meet the in-state RPS goal proposed by the Task
Force, state electric utilities would need to produce at least 8,500,000 MWh of electricity in 2025
from renewable energy resources located in Wisconsin.

Many utilities are currently implementing a number of wind projects to help them meet
the State’s RPS. Unless technological breakthroughs occur in other sources of renewable
energy, this trend is expected to continue. However, the reliance on wind power to meet the
State’s RPS raises at least two important policy questions. First, to what extent should utilities
rely on in-state versus out-of-state wind resources? And second, if in-state resources are to be
developed, to what extent should off-shore wind resources be pursued compared to terrestrial
wind projects? Since the Global Warming Task Force recommended that ten percent of the total
retail electric sales be fulfilled with in-state renewable energy sources, the first question may be
answered by the Legislature. This report primarily addresses the second question by examining
the potential development of off-shore wind projects in the Wisconsin waters of Lakes Michigan
and Superior.

2.1.1 Out-of-State Terrestrial Wind

One of the alternatives to off-shore wind development in the Great Lakes is to import
more electricity from terrestrial wind projects in the northern Great Plains states, which have
better terrestrial wind resources than Wisconsin. Many wind projects have been built and many
more are being proposed in those states, particularly in western Minnesota, [owa and South
Dakota. Based on recent projects, the all-in® production cost of out-of-state terrestrial wind is
estimated to be $0.08 to $0.10 per kilowatt hour (kWh).* Imported wind power will undoubtedly
help Wisconsin meet its current RPS target and the overall RPS targets proposed by the Task
Force.

While terrestrial wind outside Wisconsin’s borders may prove more efficient than
developing terrestrial wind projects in-state due to higher wind speeds, importing out-of-state
wind has several disadvantages. First, tapping into out-of-state wind will not help Wisconsin
utilities meet the proposed in-state RPS requirement. Second, by looking outside the state for
renewable energy solutions, Wisconsin may also lose local job growth and economic
development potential. Finally, projects in the Great Plains are a long distance from Wisconsin’s

3 All-in production costs include the following: capital costs of the project (equipment and installation), operation &
maintenance costs, overhead and likely transmission-associated cost.

* The cost range estimate reflects PSCW staff’s review of modeling done for out-of-state wind projects. They
include costs that would be associated with transmission and line losses.
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electric load centers. This leads to problems with congestion and losses in the transmission
system, which may increase the cost for electricity and offset some of the economic benefit
resulting from utilizing higher capacity terrestrial wind projects outside of Wisconsin.

2.1.2 In-State Terrestrial Wind

The strength of wind resources are rated on a scale from one to seven with seven being
the best resource. The best terrestrial winds in Wisconsin are rated Class 3. Although
Wisconsin’s terrestrial wind resources are not as robust as other Midwestern states, there are
many areas in Wisconsin where terrestrial wind power is economically feasible. Based on recent
projects, the estimated all-in® production cost of in-state terrestrial wind ranges from $0.10 to
$0.12 per kWh.’

2.1.3 Off-Shore Wind in Wisconsin

In contrast to Wisconsin’s Class 3 terrestrial wind, winds off-shore in Lake Michigan are
rated Class 3 to 6, which are comparable with the wind resources measured in the Great Plains.
Additionally, those Great Lakes wind resources are located near some of the State’s population
and electricity-demand centers making off-shore wind more attractive for meeting the RPS.

By the end of 2008, four terrestrial wind projects, which could produce approximately
1,000,000 MWh per year of electricity, will be on-line in Wisconsin. Moreover, the State’s
hydroelectric power stations have historically produced more than 1,500,000 MWh per year.
Assuming those generators continue through 2025, Wisconsin would need an additional
6,000,000 MWh per year of in-state renewable generation to meet a ten percent in-state RPS. If
Wisconsin chooses to rely on wind to meet its RPS targets, off-shore wind power may prove to
be a viable alternative. While more wind data is needed, the consistency of off-shore wind in the
Great Lakes may approximate the intermediate energy generation resources Wisconsin now
uses.® Using an estimated average net capacity factor of 38 percent for wind turbines on Lakes
Michigan and Superior, 1,800 MW of off-shore wind capacity might be sufficient to meet the
in-state RPS goal, even if no other renewable resources are constructed.’

The amount of lake area required for a hypothetical 1,800 MW off-shore wind project on
the Great Lakes can be estimated based on information from other off-shore projects. The
Engineering Work Group estimated that the proposed Cape Wind off-shore project in

>This classification is based on the average annual wind speed measured at 10 meters (33 feet).

SAll-in production costs include the following: capital costs of the project (equipment and installation), operation &
maintenance costs, overheads and likely transmission-associated cost.

"This cost range estimate is based on EGEAS modeling runs prepared for the Commission’s draft 2008 Strategic
Energy Assessment, docket 5-EI-104.

¥For example, an intermediate load source such as a natural gas-fired, combined-cycle (CC) power facility has a
capacity factor that can range from 20 to 60 percent. Though wind is not dispatchable, this limitation diminishes
with higher capacity factors. As the capacity factor increases into the 40 percent to 50 percent range, wind
generation begins to mimic conventional generation resources.

? An analysis of the capabilities of off-shore wind turbines suggests that a net capacity factor of 38 percent may be a
conservative assumption for a project located on Lake Michigan or Lake Superior. This topic is covered in greater
detail in Chapter Three of this report.
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Massachusetts would have a density of about 18 MW per square mile. A similarly designed
1,800 MW project constructed on Lake Michigan would require 100 square miles. Although this
would be an extremely large project, it should be noted that the total surface area of Lake
Michigan is 22,350 square miles. The hypothetical project, therefore, would affect less than half
a percent of the lake’s surface.

Though heavily debated by the Study Group, a calculated range for all-in production
costs of off-shore wind are estimated to fall between $0.112 to $0.169 per kWh for a shallow
water site or $0.126 to $0.211 per kWh for a deep water site.

While this report enumerates the challenges of developing off-shore wind, the benefits of
wind generation should not be overlooked. Wind generation has numerous environmental
benefits over fossil fuel generation including significant reduction in the emission of air
pollutants, in the production of solid waste, and in the consumption of water. Appendix C
provides a brief description of the benefits of wind generation over fossil fuel generation.

2.2 Benefits of Off-Shore Wind Over Terrestrial Wind

Although Wisconsin continues to develop familiarity with terrestrial wind resources in
bringing inexhaustible, domestically-produced clean energy to the citizens of Wisconsin, less is
understood about off-shore wind power in the state. One of the primary benefits from off-shore
wind projects is the significant increase in energy output of wind turbines located off-shore. This
is attributable to more robust wind energy resources in off-shore locations and the ability to
construct and site much larger turbines off-shore.

Generally, off-shore project locations will have more consistent, higher speed, and better
quality wind resources than terrestrial locations. The reason is that wind speed increases over
bodies of water. Reduced turbulence, increased wind speeds, and steadier wind conditions will
result in highly productive and strong output from wind projects located in what are arguably
some of the best wind sites in the U.S.

In the case of wind turbines themselves, off-shore wind locations are much more
amenable to larger wind turbine installations than typically seen on land. The typical size of
land-based turbines in the U.S. ranges from 1.5 to 2.3 MW turbines, while some planned
off-shore projects are projecting the use of a 5 MW or larger turbine. One advantage comes from
longer turbine blades which increase the “swept area” traversed by the rotating blades. In some
cases, turbines can be installed in off-shore locations more readily, than land-based locations due
to reduced geographic or transportation limitations. While the transport and construction of
off-shore wind turbines involves a new set of logistical challenges, this may be offset by the
ability to use the largest turbines now being constructed.

Furthermore, in some locations of the U.S., there is increased correlation between off-
shore power production and electricity loads, as compared to land-based wind turbine power
production. This will need to be studied further for off-shore locations in Lake Michigan and
Lake Superior. In addition to the issue of wind speed, off-shore wind power appears to have an
advantage over terrestrial, in-state wind power in addressing at least three concerns frequently
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raised in environmental impact statements: noise impacts, shadow flicker, and electromagnetic
frequencies. Each of these topics is discussed in greater detail in Chapter Five. The combination
of better wind resources and larger wind turbine sizes in off-shore projects may offset the
challenges, risks and likely initial higher costs associated with off-shore wind. While certain
technical and legal challenges exist, off-shore wind projects in Lake Michigan and Lake Superior
have the potential to produce power economically and on a large scale to eventually become a
major contributor to the electricity supply for the State of Wisconsin.

The benefits of off-shore wind may also extend into economic development issues. The
ability of terrestrial wind power projects to create jobs is well documented, but less is known for
off-shore wind especially in the U.S. As will be detailed in Chapter Three of this report, off-
shore projects require specialized vessels and other specific equipment that currently may not be
available in the U.S. or may be in high demand. If the off-shore wind industry takes off in the
Great Lakes region and elsewhere, Wisconsin could potentially see new and increased
manufacturing and export opportunities, not just in the wind power components industry but
perhaps in the shipbuilding industry as well. But manufacturing jobs only tell part of the story.
The development of off-shore wind projects in the Great Lakes could also mean new jobs in
construction and installation near project locations and, as has been seen in Europe, boosting of
the economy in port cities and communities with marine industries. The deployment of off-shore
wind energy might give a strong boost to job creation and regional development for Wisconsin
communities near off-shore wind sites. The potential for the creation of well-paying jobs in
sectors that support wind development, such as manufacturing, engineering, construction,
transportation, and financial services stands to be lucrative.
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3. Off-Shore Wind Project Basics: Foundations, Turbines, Construction, Lake
Conditions and Transmission

This chapter provides an overview of engineering, cost and transmission issues associated
with the development of wind projects on Lakes Michigan and Superior. It offers an overview of
wind resources on the two lakes and issues to be addressed in building an off-shore project,
particularly winter ice conditions. There is a discussion of the construction requirements,
turbines and foundation designs that could be used on the lakes, including deeper off-shore sites.
There is also an explanation of the transmission requirements associated with connecting an
off-shore wind project to the transmission grid, and an assessment of the existing transmission
system near the shore lines of both lakes and its ability to support off-shore wind development.
Finally, there is a discussion of transmission planning at the state and regional levels and how
these could affect the development of off-shore wind.

3.1 Foundations

The wind turbine foundation is a critical design element whether the wind turbine is
installed on land or water. Wind turbine foundations designed for off-shore installations are
more complex from a design and installation perspective than on-shore foundations. The main
reasons for the increase in complexity include loadings unique to off-shore wind turbines, such
as wave loading, static and dynamic ice loading, water depth and water currents. These
additional loads require more rigorous analysis and modeling to simulate the various load
impacts on the foundation.

To date, the industry has favored simple and robust solutions over unproven high-tech
solutions. These foundations have been used in water depths, ranging from three to 30 meters,
which are considered shallow depths. Most of the shallow water foundations are adaptations of
on-shore foundation technologies. Deep water (i.e., greater than 30 meters) foundations are in a
conceptual and demonstration phase because there are no large-scale deep water wind projects in
operation. Many of the deep water foundations being evaluated are technologies adapted from
the gas and oil exploration industry. These technologies hold various levels of promise and are
discussed below.

Installing an off-shore wind turbine foundation is complex due to weather limitations on
equipment, wave action, and increased wind off-shore. Much of the equipment used in off-shore
installations is sensitive to wave action, especially the smaller support vessels. Larger vessels,
such as jack-up barges, may be less sensitive to wave action, but their activities may still be
curtailed by wind limitations on the installation crane. Additionally, jack-up barges or
specialized barges required for off-shore installations are costly to build, already in high demand
in the gas and oil industry, and have width restrictions for entering the Great Lakes.

3.1.1 Shallow Water Foundations

There are various types of foundations that can be utilized in water depths of three to 30
meters, considered shallow by the off-shore wind turbine industry. Over the last 15 years
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shallow water foundations have been installed at various projects in Europe off the coasts of
Denmark, England, Netherlands, Scotland, Germany, and Sweden. The three primary
foundation types are gravity, monopile and suction bucket. Each are discussed in further detail
below.

3.1.1.1 Gravity

The gravity foundation is an adaptation of the most common on-shore wind turbine
foundation - the inverted tee foundation. On land, once soil bearing design is taken into
consideration, this foundation is designed to withstand maximum design loads, primarily using
the foundation and backfill soil weight to withstand overturning moments and sliding.

The primary differences between off-shore and on-shore gravity foundations is that the
off-shore gravity foundation requires special bed preparation, which is placed on top of the bed
versus being backfilled with soil, and needs to extend near or above water level for the transition
piece/wind turbine connection.

Both steel and concrete gravity foundations have been installed as off-shore wind turbine
foundations. Steel gravity foundations are considerably lighter than concrete foundations and are
normally filled with granular material (rock, gravel, or sand) once placed off-shore. The steel
gravity foundations can also be modified with conical collars (ice cones) to reduce ice loading
impacts.

Figure 3.1: Steel Gravity Foundation
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Concrete gravity foundations are heavier than steel gravity foundations and are a well
known technology. The primary difficulty with concrete gravity foundation is handling, due to
their heavy weight. These foundations may also be modified with ice cones.

Both steel and concrete gravity foundations had previously been seen as cost prohibitive

when evaluated for installations deeper than 15 meters. They are now being examined for
installations of 30 meters and deeper.

3.1.1.2 Monopile

Monopiles are the most commonly used shallow water off-shore foundation. The
monopile is a large, thick-walled, single steel pipe that is driven into the bed of a water body at a
predetermined depth.

Monopile installation requires large barges that use specialized equipment to drive the
piles into the lake bed. Monopile transition pieces can be modified to create ice cones. The

transition pieces can be steel, concrete or composite (steel/concrete) structures.

3.1.1.3 Suction Buckets

Suction bucket or caisson foundations are a new technology for shallow water
foundations. The suction bucket is a tubular steel foundation that is installed by sealing the top
of the steel bucket and applying a vacuum (suction) inside the bucket. The hydrostatic pressure
difference and the dead weight of the structure cause the bucket to penetrate the soil."

Usually, the suction buckets are attached to foundation structures that connect to the wind
turbine. Suction buckets have been used at oil and gas fields in the North Sea and Angola. The
first full-scale wind turbine prototype suction bucket foundation was installed in October 2002 in
Denmark." Suction buckets can also be used in concert with deeper water foundation options.

3.1.1.4 Comparison of Shallow Water Foundation Types

The table below summarizes the advantages and disadvantages of the shallow water
foundations discussed. The table includes a modification of a concrete gravity foundation that
could be used in ice environments such as the Great Lakes.

' Dutch Off-Shore Wind Energy Converter Project, “Suction Bucket Foundation”,
http://www.ecn.nl/docs/dowec/10061 003.pdf

' “Prototype bucket foundation for wind turbines — natural frequency estimation,” L.B. Ibsen, M. Liingaard,
Aalborg University, Department of Civil Engineering, DCE Technical Report No. 9.
http://vbn.aau.dk/research/prototype bucket foundation for wind turbines(6396351)/
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Table 3.1: Advantages and Disadvantages of Shallow Water Foundations

Foundation Type

Advantages

Disadvantages

Concrete gravity
base foundation

Well-known technology.
Can construct on-shore and
float to site.

Rigid tower base.

Can add conical section at
top to act as ice breaker.

Size/weight.
Decommissioning/removal.
Special foundation preparation
may be required — depending
on soil type.

Foundation toe needs scour
protection.

Steel gravity
foundation

Considerably lighter than
concrete foundations.
Low weight of steel
cylinders allows more
rapid foundation
installation.

Foundation can be made
on-shore.

No piling.

Can be removed
completely and
repositioned.

Can be easily inspected.

Cylinder needs to be filled
with granular material to
withstand waves and ice.
Need to install erosion
protection around foundation
base.

Time consuming welding
details.

Need large lay-down area to
construct.

Thin-walled
cylindrical shell
with ring footing
— conical shape
and filled with
granular material
(steel gravity
foundation)

Designed for areas with
waves and ice ridge action
(for example Baltic Sea
and Great Lakes).

More rigid than a pile
structure.

Steel shells can be
transported by barge.
50-year design life.

Needs firm/hard bed
conditions.

Erosion protection required.
Cylinder needs to be filled
with granular material to
withstand waves and ice.
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Table 3.1: Advantages and Disadvantages of Shallow Water Foundations (Continued)

manufacture and construct.

Foundation flexibility
enables tuning of structure
dynamic characteristics.
Quick installation.

Low sensitivity to
underwater erosion.

Foundation Type Advantages Disadvantages

Monopile No bed preparation Requires specialized

foundation required. installation
Relatively simple to equipment.

Sensitive to rocks when
driven.

Not suitable for weak soils.
Difficult to modify for ice
protection.

Price increases with respect to
depth more rapidly in areas
with ice pressure concerns.

Suction caisson

Simpler/quicker
construction procedure.
Less/smaller installation
equipment required.
Easy to remove.
Inexpensive installation.

New technology.

Proven only in limited range
of materials.

3.1.2 Transitional/Deep Water Foundations

At water depths greater than 30 meters, foundation technology transitions from
traditional, shallow water foundations to more robust fixed foundations used in waters between
30 to 50 meters and various floating technologies that are being planned for waters deeper than

50 meters. The floating technologies vary but usually include a combination of ballast, mooring
line, or buoyancy stabilization.

3.1.2.1 Tripod/Tetrapod Foundations

Tripod (three support legs) and tetrapod (four support legs) foundations for wind turbines
have been adapted from technologies used by the oil and gas industry. The tripod has a main
steel pile to which the turbine is attached. A steel framing extends from the pile and attaches to
legs that anchor the foundation to the water body bed. The legs can be secured to the bed by
driving piles 10 to 20 meters in the soil or by using suction buckets. The pile driving depth will
be determined by geotechnical conditions.

This technology has not been used on many wind turbine projects to date. The tetrapod
concept (OWEC Jacket Quatropod) is being demonstrated at the Talisman-Beatrice project off
the east coast of Scotland in water about 40 meters in depth. It is characterized by its designers
as having a unique design element, lower weight, and the ability to support large turbines - up to
five MW. It also is believed to have the ability to be installed in difficult locations with poor soil
conditions."

'ZOWEC Tower AS, Bergen, Norway. http://www.owectower.no/quattropod/index.php
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Another derivative of the tripod foundation technology is the Titan Wind Turbine
Platform. This technology is a mobile self-installing platform that sits on three legs. This
concept allows the turbine to be installed and commissioned on the Titan Platform in port. After
assembly, the platform can be towed to its design location, and then the three legs of the platform
can be lowered to the bed and ballasted into the soil — similar to a jack-up barge. This design
also creates a gap between the water and platform that enables the turbine base to stay above
wave action.”

Figure 3.2: The Titan Wind Turbine Platform
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Source: Off-Shore Wind Power Systems of Texas LLC, USPat. 7163355

The Floating to Fixed (F2F) Wind Energy Concept is a solution that utilizes ideas similar
to the Titan Wind Turbine Platform. F2F would enable the wind turbine to be installed and
commissioned in port, towed to the off-shore location, lowered to the water body bed by
ballasting, fixed to the bed by suction anchors, and, if necessary, refloated and towed to port for
repairs.'" The design for F2F was completed in 2007 and the next step is for a prototype to be

13 Titan 200 Turbine Platform, Off-shore Source LLC, http:// www.off-
shorewindpowersystemsoftexas.com/titan_200_deep_off-shore platform
14 Ulstein Sea of Solutions BV, the Netherlands.
http://www.seaofsolutions.nl/Info%20sheet%20F2F%20concept.pdf
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built."” Installation depths for this concept are expected to be comparable to the tripod
foundation, ranging from 30 to 50 meters.

3.1.2.2 Floating Foundations

Floating foundations for wind turbines are in the conceptual phase, but if successful, offer
opportunities to install wind turbines in water depths greater than 50 meters. Installing wind
turbines in the deeper water of the Great Lakes would enable the exploitation of better wind
resources farther off-shore. There are multiple floating foundation technologies being evaluated
at this time. Some of these technologies include the Dutch Tri-floater, tension leg platform,
WindSea, Blue H Technology, HyWind and SWAY concept. All the concepts listed are
stabilized using some combination of buoyancy, mooring lines, and ballasting.

The Dutch Tri-Floater Foundation uses distributed buoyancy tanks attached to the central
tower through truss arms. It also incorporates moorings attached to the bed by suction pile
anchors to provide additional resistance to overturning.'®

The tension leg platform technique is adopted directly from the oil and gas industry. The
concept evaluated by the National Renewable Energy Laboratory (NREL) utilizes a single
cylindrical buoyancy tank that connects to the turbine base below normal water level. Three
radial arms extend from the tank. The end of the arms have connection points for tenons that are
anchored in the bed.

WindSea is a Norwegian concept that would enable up to three turbines to be installed on
one structure. The estimated water depth for WindSea placement is 35 to 200 meters. Current
estimates are that a prototype will be placed in 2011."

Blue H Technology differs from other deep water foundation options because it utilizes a
large steel structure using the Submerged Deep-Water Platform concept. The structure is towed
to its operating location from port and attached to the bed using the tension leg platform concepts
of mooring and buoyancy stabilization. Blue H Technology launched the first large scale
prototype off the coast of Italy in December 2007, and will be anchored in 108 meters of water."

13 “Floating off-shore wind opens up the deep,” Renewenergy, April 25, 2008, posted to Renewable Energy blog.
http://renewenergy.wordpress.com/2008/04/25/floating-off-shore-wind-opens-up-the-deep/

1 “Feasibility of Floating Platform Systems for Wind Turbines,” W. Musial, S. Butterfield, A. Boone, National
Renewable Energy Laboratory, November 2003. http://www.nrel.gov/docs/fy040sti/34874.pdf

17 “Floating off-shore wind opens up the deep,” Renewenergy, April 25, 2008, posted to Renewable Energy blog.
http://renewenergy.wordpress.com/2008/04/25/floating-off-shore-wind-opens-up-the-deep/

'8 Blue H Technologies BV, the Netherlands. http:/www.bluehgroup.com/company-newsandpress-0712062.php
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Figure 3.3: Blue H Technology, a Deep Water Foundation Option

Source: Blue H Group

HyWind is a concept being developed by StatoilHydro of Norway that claims to be the
world’s first large-scale floating wind turbine. The concept utilizes the spar buoy technology
that is currently used on oil production platforms and off-shore loading buoys. The planned
startup of HyWind is scheduled for the fall of 2009. It can be placed in water depths ranging
from 120 to 700 meters. The spar buoy will be attached to the sea bed using three anchor
moorings."”

The SWAY concept is based on a floating elongated pole extending far below the water
surface with ballast located at the bottom part of the structure. This concept is being developed
in Norway and can be placed in water depths of 80 to 300 meters. Capital is currently being
raised to support placement of a prototype. Current applications are supplying power to existing
oil platforms in the North Sea (Talisman-Beatrice) or exported to on-shore markets.*

19 “The world’s first full-scale floating windmill,” StatoilHydro, Norway, June 17, 2008.
http://www.statoilhydro.com/en/NewsAndMedia/News/2008/Pages/hywind_fullscale.aspx
2 SWAY A/S, Radal, Norway http://sway.no/index.php?id=15
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3.1.2.3 Comparison of Transitional and Deep Foundations

The primary advantage to developing deep water wind turbine foundation options is
gaining access to better wind resources. Additionally, many of the deeper water foundation
technologies offer installation processes that eliminate the need for large off-shore vessels and
potential for towing components back to shore for major maintenance activities. Deeper water
foundations however, have not yet been used on a commercial scale for wind turbines.

Table 3.2: Off-Shore Foundation Advantages and Disadvantages

Foundation Type Advantages Disadvantages
Tripod/tetrapod Applicable to deeper water. Increases ice load.
foundation No or limited seabed Boat access difficult.

preparations. Sensitive to rocks when leg
Can be built on-shore. supports are driven.
Easy to remove.
Titan Wind Turbine Tug boat deployable. Not demonstrated on a large-
Platform Can be installed in uneven scale wind project.
terrain. Boat/personnel access
Lower installation and elements need to be
decommissioning costs. incorporated.
Easy to remove for Ice loads require evaluation
maintenance or and modification to legs
decommissioning. post-installation.
F2F Wind Energy Tug boat deployable. Not demonstrated on a large-
Concept Can be used with suction scale wind project.

buckets to minimize lake bed
disturbances.
Can be maintained at port.

Uncertain cost.
Ice loading will need to be
evaluated.

-Dutch tri-floater
-Tension Leg

Tug boat deployable.
Turbine siting and

Not demonstrated on a large-
scale wind project.

Platform interconnection flexibility. Uncertain cost.
Can be maintained at port. Ice loading will need to be
evaluated.
-WindSea Can be installed in deeper Not demonstrated on a large-
-Blue H Prototype water depths. scale wind project.
-HyWind Uncertain cost.
-SWAY

Stability, access and
structural fatigue issues need
to be analyzed.
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3.1.2.4 Lack of Deep Water Experience

There are various deep water foundation options that are at different stages of evaluation.
These concepts, though familiar to the oil and gas industry, are being redesigned to become cost
effective and compatible with existing wind turbine technologies.

Of the nine concepts discussed in the transitional/deep water foundation section, only two
have made it as far as the prototype phase, the tetrapod at Beatrice-Talisman and Blue H off the
coast of Italy. The Beatrice-Talisman project is the only project generating electricity that is
connected to an end-user and employs full-scale five MW wind turbines. There are prototypes
planned for the other concepts in future years, but the commercial viability for floating
foundations is uncertain.

3.1.3 Foundation Design in the Great Lakes and Ice Loading

One of the key considerations in designing off-shore wind turbine foundations in Lake
Michigan and Lake Superior is the loading from ice floes on turbine foundations.*' There are
existing wind projects in Europe that have been designed to withstand icing environments. The
severity of the icing at wind projects in Europe vary from moderate icing along the western coast
of Denmark to more extreme icing conditions along certain areas of the Baltic Sea.

The primary response to offset the forces exerted by ice floes on piers and foundations in
water has been to install conical shaped structures at water level. The cones cause ice to bend
and break up as it makes contact with the structure. They are widely used to reduce static and
dynamic ice actions in wind turbine foundations, bridge piers, and other water based structures.”

For example, the Confederation Bridge project located in the Northumberland Strait
between New Brunswick and Prince Edward Island in Canada, shows that piers and foundations
can be designed to withstand extreme ice pressures. The project incorporated load sensors and
cameras to record surface ice floe behavior against the conically shaped bridge piers. Data has
been collected since 1998. Through 2007, including one extreme event, the experienced loads
were within the design factor of safety and below what would have been calculated with existing
formulas, supporting the idea that the theoretical calculations used are reasonably conservative. *
This, and other sets of analytical data, could make design standards concerning ice forces more
efficient, which would enable more cost effective, yet safe, designs.

2! Other important foundation design criteria are lake bed geotechnical conditions, underwater currents, water level,
lake bathymetry, wave height, and wind and wave loads.

2 An example of ice floe design criteria would be from the Middelgrunden project in Denmark. For this project’s
conditions, foundations were designed for a 0.6 meter thick drifting ice-floe of 2 kilometers by 2 kilometers, moving
with a speed of 0.6 meters per second. The design solution was an ice cone at the level of sea surface. The ice cone
will reduce ice loads by a factor of 5 to 10, meaning that ice loads (at this project’s location) are not the design
driver any more. They also determined that ice will become a less critical design criterion if turbines increase in
weight. See, http://www.middelgrunden.dk/MG_UK/project info/mg_40mw_off-shore.htm

3 Confederation Bridge Ice Force Monitoring, Presentation by T.G. Brown, Department of Civil Engineering,
Schulich School of Engineering, University of Calgary, Calgary, Alberta, Canada, ASCE Spring 2008.
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The Confederation Bridge ice loading is higher than what would be anticipated in either
Lake Superior or Lake Michigan. Maximum ice thickness ranges from 0.05 to 0.8 meters on
Lake Superior, 0.2 to 0.7 meters on Green Bay, 0 to 0.5 meters near shore Lake Michigan, and 0
to 0.15 meters in waters deeper than 20 meters on Lake Michigan.

Existing technology could be used to design a foundation to withstand ice conditions on
the Great Lakes. Information from projects like the Confederation Bridge will enable design
standards in icing environments to become better optimized. Additional sources of ice loading
design criteria will come from agencies that have been designing, building, and maintaining
structures in the Great Lakes environment such as the United States Army Corps of Engineers
(USACE). Other sources, among many, that may provide design guidance concerning ice
loading criteria include the International Society of Off-Shore Engineers and the Geophysical
Institute.

3.2 Wind Turbine Technology

3.2.1. Differences between On-Shore and Off-Shore Wind Turbines

There are few technological differences between on-shore and off-shore utility-scale
wind energy systems. In fact, several turbine manufacturers such as Vestas and GE use the same
basic design for their on-shore and off-shore models. The technological differences between off-
shore and on-shore wind turbines are minor. The most significant differences, and the ones that
present the greatest challenges, are operational in terms of turbine construction and turbine
decommissioning.

The real differences are found in the project life-cycle; an off-shore wind turbine requires
significantly different approaches at every stage of a project. Off-shore wind turbines do exhibit
differences from their land-based counterparts, such as applicable design standards, component
redundancy, and automation features.

In 2006, the International Electrotechnical Commission’s design standard IEC 61400-3
was published for off-shore wind turbines. All major wind turbine manufacturers now design to
this [EC standard, which governs structural design and reliability. Off-shore wind turbines are
designed for one in 100-year events whereas on-shore wind turbines are designed for one in 50-
year weather extremes.

Off-shore wind turbines have design features that are different than terrestrial turbines.

These differences are:

e Size: Off-shore turbines tend to be larger. Off-shore turbines in the 5 to 7.5 MW range
are currently being developed.
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e Access: Off-shore wind turbines require different methods of access for maintenance.
Off-shore wind turbine tower bases usually have a landing for boat access and may have
a helipad for helicopter access.

e Towers: Towers are designed for hydrodynamic loading from waves and currents.
Freshwater and low-salinity environments also require the ability to shed ice.

e Condition monitoring: Off-shore wind turbines may employ Condition Monitoring
Systems (CMS) to identify electrical and mechanical problems before component failure.
This allows the turbine to be serviced when weather conditions permit, thereby
decreasing unplanned outages and increasing availability. A CMS will continuously
observe and report on the blades, gearbox, and generator.

e Redundancy: Off-shore wind turbines may have redundant critical systems such as
lubricating oil and cooling to provide higher reliability.

e Transformer Location: Many off-shore wind turbines have the generator step-up
transformer located in the nacelle, rather than outside of and adjacent to the tower.

e Maintenance Crew Support: Off-shore wind turbines may include a space for
maintenance crews to take shelter if they are stranded due to changing weather
conditions.

o Tower Height: Off-shore wind turbines have historically been installed on shorter towers
(60 meters), as compared to terrestrial turbines.

e Corrosion Prevention: Off-shore wind turbines may rely on dehumidification systems
and cathodic protection to minimize the adverse effects of continuous exposure to
moisture, though this may be less of a concern in the Great Lakes than in salt water
locations.

Most aspects of turbine construction are different for off-shore installations. The specific
differences will depend on water depth, lake floor topography and geological conditions.

To date, no off-shore wind energy project has been decommissioned. An unresolved
policy question is whether to completely remove the tower foundation or only a portion of the
structure when decommissioning.

3.2.2 Existing Off-Shore Turbine Suppliers

Several wind turbine manufacturers currently offer products designed for off-shore use.
The following table lists some of these turbines.
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Table 3.3: Off-Shore Turbine Suppliers

Manufacturer Turbine Capacity (MW) | Rotor Diameter (Meters)
Bard Bard VM 5.0 122
Dewind D8.2 2.0 80
Enercon Development 4.5 112
General Electric 3.6s 3.6 111
Multibrid M5000 5.0 116
Nordex N90 2.5 90
REPower M 5.0 126
ScanWind SW-110-3500 DL 3.5 110
Siemens SWT-3.6-107 3.6 107
Vestas V90-3.0 3.0 90
WinWind WWD-3 3.0 100

Recent trends indicate that off-shore turbines will get larger. For example, Enercon is
developing a turbine in the 6 to 7.5 MW range, REpower is developing a turbine of about 6 MW
and Clipper has deployed a 7.5 MW prototype with a 150 meter rotor on a 100 meter tower.

3.2.3 Adapting Wind Turbines to the Great Lakes
Wisconsin off-shore projects would likely have some savings as well as some extra costs
compared to European off-shore projects. Currently, few European off-shore wind turbines are

located in areas as cold as Wisconsin’s Great Lakes. Likely adaptations to colder weather are:

e special coatings to prevent spray and rime ice adherence to transition sections, towers,
blades, and nacelles;

e modified foundations with ice-breaking collars or other ice-breaking devices for both
turbine and non-turbine platforms such as off-shore substations;

e special vessels such as ice sleds for winter maintenance and ice breaker or tug assistance
in extreme ice conditions.
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While such adaptations increase costs, these costs will likely be modest in Lake Michigan
because the ice climate there is not normally severe. In Lake Superior, ice adaptation costs are
likely to be somewhat higher due to a more severe ice climate.

In some respects, Wisconsin off-shore projects would operate in a more favorable climate
than their European counterparts. These European projects are located in salt water, often in
very stormy places like the Irish and North Seas. Due to these differences, Wisconsin off-shore
turbines likely would not need:

e Flectrical transformers inside towers;

e Special measures or air conditioning to prevent salt air from condensing inside nacelles
and towers;

e Anti-corrosion paints;

e Long transition sections to allow for major storm surges, tides, and massive storm waves
as Great Lakes water level variations are smaller, especially in Wisconsin waters.

3.2.4 Future Developments in Off-Shore Technology

Future off-shore turbines are likely to be increasingly different from on-shore wind
turbines. Current European off-shore wind turbines are similar to inland wind turbines. This is
likely to change as off-shore developers and wind turbine manufacturers focus on optimizing

turbines for off-shore use. Potential changes include:

e Use of higher-tip-speed rotors which will be noisier but reduce torque on drive train
components, allowing some nacelle and rotor weight reductions;

e Use of one or two-bladed turbine rotors, enhancing weight reductions;

e Increased use of lighter weight towers;

e Increased use of permanent magnet or direct-drive generators;

e Increased use of lighter-weight blades;

e Increased use of new, lower-cost, foundation concepts in shallow waters;
e Use of lighter-weight, lower-cost, concrete floats for moored turbines;

e Increased use of self-diagnostic sensors and software to detect incipient electrical and
mechanical problems;

e Use of larger wind turbines, that reduce per site costs; and

Page 38 of 195



e Use of vertical axis wind turbines (VAWT).*

3.3 Construction Equipment/Technigues/Requirements

3.3.1 Equipment

All existing commercial off-shore wind energy projects have used similar barge-type
vessels to install their projects. The most common vessel used for installation is known as a
jack-up barge.

The jack-up barge has multiple legs that extend from the barge to the sea/lake bed when
the barge is moved in place for foundation or wind turbine installation. The legs have the ability
to push the barge above the water, which provides a static and safer working platform. This
feature also enables the installation crane to have a shorter boom length. The working platform
can be from 80 to 225 feet above the bottom of the jack-up columns, which sink into the lake
bottom. The barges need to have enough capacity to support the installation crane weight plus
turbine component loads. For barge capacity reference, a land-based installation crane for a 1.5
to 2 MW wind turbine weighs around 500 tons.

Figure 3.4: Jack-Up Barge for Wind Turbine Installation

RESOLUTION: WIND TURBINE INSTALLATION BARGE
Width: 28m Vessel legs: & Gross weight: 14,085 tonnes

Length: 130m b

F Y

85m construction

Source: MPI Off-Shore Limited, www.mpi-offshore.com

** This paper focuses on what are referred to as Horizontal Axis Wind Towers. Another type of wind turbine which
is not discussed at length in this paper is the Vertical Axis Wind Turbine (VAWT). With a VAWT the axis of
rotation is perpendicular to the wind stream and the ground. A familiar, small scale VAWT is the three-cup
anemometer, which is used to capture and measure wind speed. Another, larger scale example, is the Darrieus
turbine, which is often visually compared to an egg beater. VAWTSs are experiencing a resurgence of interest and
experimentation by various manufacturers.
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Currently there are no barges capable of constructing such projects in operation on the
Great Lakes. Barges would either need to be constructed on or brought to the Great Lakes. An
issue that needs to be addressed when evaluating barges is the limitations on the size of vessels
that may enter the Great Lakes. Barges accessing the Great Lakes via the St. Lawrence Seaway
are limited in width and depth by the size of the locks. The maximum allowed vessel beam and
draft would be 78 feet and 26 feet six inches respectively.” The width would be the critical
dimension concerning the jack-up barges, since required barge widths for off-shore wind
turbines range from 70 feet to 100 feet. They may also be limited by height restrictions or air
draft limits (ability to clear stationary features such as bridges).

For vessels sourced from the southern hemisphere, Pacific Ocean or the Gulf of Mexico,
another path to Lake Michigan and Lake Superior may be through the Chicago Sanitary and Ship
Canal. This canal is the only shipping link between the Great Lakes and Mississippi River
systems. The maximum width and draft allowed through the canal is 110 feet and 9 feet, which
would allow wider barges than the St. Lawrence Seaway. The issue of air draft limits would also
apply here.

Other equipment installation options for shallow wind energy projects are the converted
turbine installation vessel (T1V), the purpose-built TIV, and the Merlin System. For deeper
installations, the jack-up barge, the purpose-built TIV, and the Merlin System can also be
utilized. However, other options are being evaluated that would use tug boats to pull the object
from port to its operating location. These options include the Titan Wind Turbine Platform,
Floating to Fixed Wind Energy Concept (F2F), Dutch Tri-floater, tension leg platform, WindSea,
and Blue H Technology.*

There is currently one purpose-built wind turbine installation vessel, named the
Mayflower, in the world. It is owned by Vroon, an international shipping company
headquartered in the Netherlands. Vroon has ordered two additional purpose-built wind turbine
installation vessels with large jack-up systems. These vessels are estimated to cost $225 million
and each are expected to be available in 2011.

Similar vessels of this magnitude would need to be constructed within the Great Lakes or
be built in pieces elsewhere and assembled at the Great Lakes. Trillium Power Energy
Corporation is currently planning on building a number of jack-up barges that will work at a
depth up to 40 meters. Construction is currently planned to be complete by 2011.

% The navigation draft may reach 26 feet nine inches as early as 2009.
26 «“Merlin Off-shore Wind Installation System,” T. Bland, The Engineering Business Ltd., 2004
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Table 3.4: Off-Shore Turbine Installation Vessels

Type of Vessel Turbine Comments
Installation
Capacity
Self propelled or | Varies from 2 MW | Vessels are in heavy demand for use on
Jack-up crane to 2.5 MW marine based civil construction projects
barge (oil and gas industry, coastal structures,

and waste outfalls). Crane capacity and
leg length are limiting factors.

Converted turbine | Up to 2.5 MW Jack-up leg length and crane lift capacity
installation vessel are limiting factors.

(TIV)

Purpose-built TIV | Up to 5 MW Expensive to construct, with planned

construction period of 18 months. The
only specialized vessel built to date took
24 to 26 months to construct and deliver.
Merlin System Small to large wind | Full turbine assembly on-shore (including
turbines tower mechanical completion activities)
with installation performed off a floating
barge that tilts fully assembled turbine
into place; has not been used on a
commercial project to date.

3.3.2 Off-Shore Vessel Availability

Jack-up crane barges are the most commonly used off-shore wind project installation
vehicles. However, these vessels are in high demand in the oil industry in Brazil, Nigeria, the
Gulf of Mexico and other locations due to increasing oil prices. As a result, costs for jack-up
barges remain high, and availability is a critical item in scheduling an off-shore project. The
estimated cost for a jack-up barge, with the capacity and size required for an off-shore wind
project, ranges from $50,000 to $60,000 per day. Additionally, a large crane would be needed
for placement of components. Comparable costs of cranes for land-based projects range from
$13,000 to $19,000 per day.

Some deep water foundation options being evaluated may eliminate the need for jack-up
barges, but these are in the development stage at this time. If testing of one or more these
options proves to provide a more economical installation, this would eliminate the need for the
jack-up barge. Tugboats, which would then be used as the primary vessel, are more readily
available than barges.
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3.3.3 On-Shore Assembly and Off-Shore Work

3.3.3.1 Lay-Down and Staging Area Requirements

An on-shore location, known as a lay-down area, is needed to store the wind turbine
components prior to assembly and installation. Most wind turbine components are manufactured
overseas, principally in Europe and Asia. Components are shipped in dedicated ships in large
batches. For land-based wind turbines a ship may hold as many as 30 sets of blades, hubs and
nacelles (150 large components). Once this ship reaches port it needs to be unloaded and the
components stored. Tower sections are shipped separately. The components for thirty wind
turbines need approximately eight acres for lay-down. Depending on the foundation method
used, some assembly of foundation components at a port-side lay-down area could also occur.

In addition to the lay-down area for the components, space is also likely needed to pre-
assemble some of the components. There are two typical techniques for staging and pre-
assembling components. With one, the turbine blades are attached to the hub in a horizontal
plane forming a three-bladed assembly. This blade assembly is then placed onto a barge for
transport to the wind turbine site.

Another method of pre-assembly is the “Bunny Rabbit”. In this procedure, only two
blades are attached to the turbine hub. Then the bladed assembly is turned vertical with the
blades at the 2 o’clock and 10 o’clock position and the hub is mated to the nacelle. The “Bunny
Rabbit” is then placed onto a barge for transport to the wind turbine site.

Both of these techniques save time at the installation site. However, they require
additional space of between five to ten acres depending on how many assemblies are being
performed at one time.

A typical lay-down and staging area would be 15-20 acres, at the port in close proximity
to ship and barge facilities. Such facilities are available in Milwaukee, Green Bay, and Superior

and may be available in other cities along the lake shore.

3.3.3.2 Safety

Weather is the single largest risk to safety in the construction of off-shore wind turbines.
Weather conditions in the form of wind, waves and lightning pose threats to the construction
equipment, the wind turbine equipment and the construction personnel.

The wind inhibits the ability to safely perform critical crane lifts. Wind turbine
components tend to move about in strong winds due to their large cross sections. Construction
cranes with booms may need to have their capacity down-rated or operations curtailed depending
on the wind conditions.

Waves pose a risk because assembling wind turbines requires lifting and mating of large,
heavy fabrications. A lifting platform destabilized by high waves poses danger and exposure to
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damage to personnel and equipment. Lightning is an obvious hazard to personnel and
equipment. While thunderstorms can occur at any time on the Great Lakes, they are most likely
from May through September.

3.3.3.3 Construction Season, Operations Plan and Schedule

Weather-related safety issues are a primary limit to off-shore construction. The prime
on-water construction season is during the months of June, July and August. Historically, this is
the period with the fewest days where wind or wave levels would interfere with or prevent
construction. Strong winds are infrequent during these months and are mostly associated with
thunderstorms. The off-shore construction season also includes April and May, and September
and October; however, in each instance the probability of gaining productive days diminishes as
you move away from the prime construction season. Wind and wave levels diminish during
April and May, and in September and October begin increasing again.

Any marine contractor must respond to weather. Cranes on floating barges are
susceptible to waves. In shallow waters stakes (spuds) are driven into the lake bed to anchor the
boat and reduce the rolling motion. In deeper waters anchor systems are employed. As a
practical limit, floating equipment can be used only when wave heights are five feet or less.

Operations may need to cease and a move made to a harbor of refuge when waves are
greater than five feet or when there is a thirty percent chance of waves greater than five feet.
With an on-water transport rate of five to ten mph, a move to safe harbor can take several hours,
depending on how far off-shore the work site is and the location of the nearest safe harbor.
There can be and are “false alarms,” with the construction crews heading for safe harbor when
bad weather does not ultimately materialize.

It is possible that some of these situations can be mitigated by the technology of the
installation, such as the use of a jack-up barge (3.3.1), or the provision of on-site shelter, which
would avoid or lessen the necessity of returning to shore in a storm.

Uncertainty due to the effects of weather and the lack of experience with building in-lake
structures on Lakes Michigan and Superior will make it difficult for a contractor to establish and
commit to a construction schedule. With land-based wind turbines, after gaining experience, it is
common to erect one turbine per day per crane. It is likely to take longer to erect an off-shore
wind turbine, given the effects of weather.

3.3.4 Wind Turbine Decommissioning

Decommissioning a turbine requires equipment similar to what was used for the original
installation. One of the key items in decommissioning will be to find or develop markets for
certain materials. Currently, there are developed recycling streams for concrete, steel, aggregate
and metals. The fiberglass blade is one major wind turbine component that does not have an
established recycling market. This is an area that should be addressed in the next five to ten
years as turbines installed in the 1980’s are being decommissioned. The National Renewable
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Energy Laboratory has estimated project decommissioning costs at three percent of the total
project cost, which would range between $90 and $150 per kW.

3.3.5 Off-Shore Wind Energy Project Costs

Currently, there are no off-shore wind energy projects in the United States or North
America and no basis to predict capital costs for Wisconsin. This may change in the near future
if the recent flurry of studies, report and proposals regarding off-shore wind projects in other
Great Lakes states and the maritime northeast result in projects being built. Currently, there are a
number of European off-shore wind energy projects to look to for cost examples. The majority
of them are less than 100 MW in size, and in shallow saltwater where winter icing is of limited
or no concern. These projects are not necessarily close analogs to future Wisconsin projects, but
offer much of the insight we have into off-shore costs.

3.3.5.1 Off-Shore Wind Energy Project Capital Costs -
European Experience

The first generation of European off-shore wind energy projects of at least 40 MW size
were built between 2002 and 2006 and had installed costs approximately twice that of on-shore
wind projects installed during the same years.”

Europeans are now installing what can be viewed as a second generation of off-shore
projects. They are generally larger and benefit to some degree from lessons learned with earlier
projects. Some of these projects are also in deeper waters than their predecessors, but they are
still considered to be in shallow water. Looking at some of the projects built between 2007 and
2008, it appears that these projects will mostly come in with final price tags of less than 200
percent of inland wind energy project installed per kilowatt (kW) costs. One project, Egmond
aan Zee, was completed in April 2007 at a cost of $272 million for 90 MW, or about $3,022 per
kW. It is unclear when the dollars invested in the project were spent and whether these numbers
represent “overnight” costs (the net present value of all the dollars invested), or the sum total of
all the dollars invested, regardless of what year they were spent. Robust, definitive cost
estimates have not been found for off-shore projects at this point in time.

While both on-shore and off-shore wind projects have been experiencing substantial
inflation in installed costs in recent years, there is some evidence that the inflation is faster for
on-shore projects. For instance, in a 2006 comparison of 2005 costs, David Milborrow, a UK
wind consultant, stated that the average cost of installed on-shore wind was 1,191 Euros per kW
and that of off-shore was about 1,800 Euros per kW.* A RISO* Report in 2007 termed oft-
shore wind “some 50 percent more expensive than on-shore wind.”'

*" David Milborrow, Wind Power Monthly (2006)

* Egmond aan Zee (NL-North Sea), Q7 (NL-North Sea), Lillgrund (SW-Baltic), Rhyl Flats (UK-Irish Sea), Solway
Firth/Robin Rigg (UK-Irish Sea), and Horns Rev II (DK-North Sea)

¥ David Milborrow, Wind Power Monthly (2006)

3 RISO DTU is the Danish National Laboratory for Sustainable Energy, housed at the Technical University of
Denmark.

3. Lemming, et al. (Riso 2007), “Off-shore Wind Power Experiences, Potential and Key Issues for

Deployment,” p. 3, www.iea.org/Textbase/work/2007/off-shore/background.pdf
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In some cases, it appears that installed capital costs of current off-shore projects are still

as much as 200 percent of those of on-shore projects. In others, cost appears to be closer to 150
percent. BTM Consult APS, a Danish renewables consulting firm, reported inland installed costs
rose 74 percent while off-shore installed costs rose 48 percent. Overall, it appears that the gap
between the installed cost advantage of on-shore versus off-shore wind projects in Europe may
be narrowing.

3.3.5.2 Wind Energy Project Cost Drivers

Wind turbine prices have risen in the past few years, but not in a readily predictable

fashion. Factors that have driven these price increases include:

Currency Exchange Rates

Turbines or their components that are supplied from overseas are subject to fluctuations
in exchange rates. In the past few years, the exchange rates relative to the U.S. dollar
have not been favorable and at the time of this report have been worsening. This effect
may lessen as more factories are built in the United States. More components are sourced
from the U.S., or if factors affecting exchange rates change.

Commodity Prices

Wind turbine project prices are heavily dependent upon metal commodity prices. The
prices of copper, steel and aluminum have increased well beyond the general inflation
rate in recent years. Copper is used in the generators, tower wiring and collection system
cable. Steel is used in the tower, foundation, and components in the nacelle. Aluminum
is used in collection system cable.

Wind turbines also require a significant amount of concrete. Concrete prices have risen
faster than the general inflation rate.

Wind Turbine Demand

Demand for wind turbines has steadily increased in the United States. Backlogs of one
year are common in the industry. Production facilities continue to be built, but demand
due to the adoption of RPS requirements by Wisconsin and more than 20 other states may
continue to keep demand high for the years to come.

3.3.5.3 Cost Drivers in the Great Lakes

There are factors likely to change costs when comparing potential Great Lakes projects to

European projects. Factors tending to increase installed costs for shallow water projects include
colder winters, more icing, and greater average water depths than in Europe. Factors tending to
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decrease costs include a fresh water environment, smaller mean and maximum wave heights and
less stringent corrosion resistance needs for submarine cables and turbine structures. Other
additional cost drivers for off-shore wind projects that could come into play include the
availability of construction equipment and experienced off-shore construction crews in the Great
Lakes area, as well as the introduction of new technologies for items such as foundations, which
would also have an impact on price.

For any off-shore project in Lake Superior, the capital costs would likely be somewhat
higher, due to a more challenging ice climate. For deeper water projects, there is no comparable
European off-shore wind project in existence or permitted to date. The deepest existing oft-
shore wind project is a two-turbine installation in about 44 meters of water at an off-shore oil
platform site in the North Sea east of Scotland (Beatrice). Lake Michigan off-shore projects on
the Mid-Lake Plateau or Two Rivers Ridge would likely involve sites of 60 to 80 meter depth,
perhaps even deeper.

While installed costs cannot confidently be predicted for deep-water projects, they can be
more confidently estimated for shallow-water projects. Based on the European experience, these
are likely to be in the range of 140 to 200 percent of on-shore costs.*” In deeper waters, the
technology will drive costs. For example, while the Beatrice Site employs tetrapod foundations,
Lake Michigan deep-water projects could involve floating, moored turbines, possibly using
tension-leg platform or Dutch tri-floater technology. No one has yet deployed such technology
with a commercial scale wind turbine, making installed costs uncertain.*

While the floating concepts have some appeal, there is considerable uncertainty as to
their installed costs. While installation costs may be lower, grid connection costs will be higher
than for shallow-water projects. Floats will likely cost more than shallow water pilings. On the
other hand, the ability to use lighter weight turbines and lattice towers should drive costs down.
A final advantage of the floating concepts is that they lend themselves to large, gigawatt-scale
projects which could produce economies of scale, along with the potential economic advantage
of manufacturing this 21* century technology in Wisconsin.

Capital cost premiums over on-shore projects may decline with time as technology
improves. Deep-water wind technology could experience even larger percentage cost declines

than shallow-water technology due to its lower degree of current maturity.

3.3.5.4 Off-Shore Wind Operations and Maintenance Methods

Off-shore wind turbine operation is similar to land-based wind project operations.
However, there are some differences. With land based turbines, scheduled and emergency

32 Robert Owen, a member of the Engineering/Economics Work Group, disagreed as to probable capital costs for
initial shallow-water off-shore wind. He believes the likely cost range in 2012-2013 will be 140-170 percent of on-
shore installed costs, with about 160 percent the most likely. He expects these costs to gradually decline relative to
on-shore costs after 2013, as shallow water off-shore technology matures.

33 British, Dutch, and U.S. groups (led by M.L.T.) have done some engineering on floating, moored, wind-turbine
support systems. A company called Blue H has deployed a prototype floating, moored, wind turbine of modest size
(80 kW) in the Mediterranean Sea in the last year and has proposed a 420-MW wind project using such technology
with commercial-scale turbines south of Massachusetts.
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maintenance and repairs can be accomplished with personnel reaching the turbine installation by
an access road using a truck or similar vehicle. If any sizeable equipment needs to be changed
out, a crane can be mobilized. Although crane operation may be limited in high winds, the
majority of necessary maintenance and repairs can be accomplished during inclement weather
conditions.

With off-shore based turbines, weather conditions may limit both access and the ability to
carry out scheduled and emergency maintenance and repairs. Support ships or helicopters are
used to transport personnel and materials to the site. High winds, waves, ice or poor visibility
may limit their use, especially during the winter. Maintenance or repairs may then be delayed.
This could have the effect of reducing availability and net capacity factors. Because of these
issues, it is important to accurately predict when maintenance is needed and to perform
preventive maintenance when weather permits.

Improvements in advanced monitoring and control systems may mitigate some of these
concerns. In the future, more diagnostics of the performance of the turbine will likely be done
remotely. In addition, turbine manufacturers are striving to lengthen the maintenance interval to
once per year instead of the current semi-annual schedule. Off-shore wind energy projects may
need to monitor conditions such as wave height and water temperatures and use this data to
adjust operations.

Efforts to improve off-shore access focus on boat access methods, emphasizing motion
compensation or removal of the vessel from the water at a turbine location. For larger wind
energy projects, using small purpose built jack-up vessels with integral craneage is also a
possibility. For some off-shore wind turbines, craneage facilities within the nacelle are capable
of lifting some of the heaviest components of the turbine. However, access using small purpose
built landing craft continues to present the most pragmatic and economic solution.

3.3.5.5 Off-Shore Wind Operation and Maintenance Costs

According to several published research papers, operations and maintenance (O&M)
costs for off-shore wind turbine installations are higher than comparable land-based installations.

Recent estimates range from 125 to 250 percent of on-shore wind operations and
maintenance costs.’* This is due to several factors. On-shore equipment can be sourced and
mobilized within a short period of time, usually within hours, and be available on site within a
day. Off-shore lifting cranes are uncommon and may have to travel a considerable distance to an
off-shore wind project site. The availability of specially trained personnel to service the turbines
will impact costs, as will the additional time spent getting to and from the site and the special
safety precautions required on the Great Lakes. Another component in the increased cost is the
increased insurance costs for off-shore turbines.

3 Robert Owen, a member of the Engineering/Economic Work Group, disagreed as to probable operation and
maintenance costs for off-shore wind energy projects. He thought the likely O&M cost range in 2012-2013 will be
about 120-150 percent of the on-shore costs per MWh, with about 135 percent most likely. He expects these costs
to gradually decline after 2013 as off-shore experience increases and condition monitoring technology improves.
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These increased costs may be offset by economies of scale in both turbine sizes and also
in the increased production of off-shore wind sites. In a 2006 report on operating costs of on-
shore and off-shore wind projects, UK wind consultant David Milborrow concluded that off-
shore operations and maintenance cost per megawatt-hour (MWh) are not substantially higher
than those for on-shore wind, probably due to the fact that off-shore wind projects tend to be
larger and can therefore benefit from economies of scale. Wind speeds also tend to be higher,
which means the fixed costs are spread over a greater number of electricity units.”

In Lake Superior, it is estimated that the operations and maintenance cost premium for
ice will be higher and that there would also be a cost premium for smaller wind projects in the
Wisconsin waters of Lake Superior compared to Lake Michigan.

There is reason for optimism about off-shore Great Lakes operations and maintenance
costs considering the efforts in Europe to reduce these. For example, a Dutch group has been
working to adapt flight simulator technology to provide a stable platform at the bow of the vessel
in two-meter (seven feet) waves.** This Ampelmann Platform may be deployed commercially by
2010.

As condition monitoring systems (CMS) improve, wind turbine maintenance issues will
be dealt with as scheduled maintenance items in good weather before they force turbine outages
in bad weather. Reductions in off-shore operation and maintenance costs may result from:

e Improvement of access methods for unscheduled and scheduled maintenance
e Development of access methods less sensitive to wind/wave conditions

e Reduction in time required for off-shore working

e Reduction in overall number of components and simplification of design

e Modular design approaches that facilitate the interchange of faulty modules

e Use of high reliability integrated components

e Placing electrical units in an environmentally controlled section of the turbine

e Development of effective conditioning monitoring and remote control systems

3.3.5.6 Example of Great Lakes Off-Shore Development Costs

This section presents two hypothetical projects to illustrate potential energy costs from
off-shore projects. The cost estimates begin with 2007 costs for on-shore wind generators. The
Work Group did not make an attempt to forecast costs due to the uncertainty of future

33 D. Milborrow (2006), “Operation and Maintenance Costs Compared and Revealed,” Wind Stats 19, No. 3, p. 3.
3 Ampelmann Company, Delft, the Netherlands. See www.ampelmann.nl/index.php?id=28
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commodity and wind manufacturing costs. The results are highly dependent upon the
assumptions utilized and significantly different outcomes could occur as actual costs and
performance are better understood. Some Engineering and Economics Work Group participants
have suggested that these calculations should not be presented because the unknowns are
substantial and the available cost data is thin and unvetted. Estimates are given as a range to
reflect this level of uncertainty. The major cost uncertainty is how future wind turbine costs and
pricing will be affected by commodity pricing, exchange rates and turbine demand. The second
major uncertainty is the cost of off-shore installation in the Great Lakes due to lack of
experience, particularly for deep water projects, and access to the specialized equipment required
for off-shore wind turbine development. As off-shore projects in other states are developed and
experience grows, these uncertainties will likely decrease. The two scenarios presented include a
shallow water (less than 30 meters or 95 feet) and a deep water application. The shallow water
scenario represents a project using technology that is currently being used in Europe and
therefore could be installed today. The deep water scenario represents a project that would
require a foundation that currently has not been installed at the depths being considered for the
Great Lakes. A larger project is chosen for the deep water scenario to take advantage of
economies of scale that may be needed.

3.3.5.6.1 Shallow Water Scenario

This scenario includes a 200 MW project located about five miles off-shore from a major
load center using five megawatt wind turbines in shallow water. This site would cover
approximately 11 square miles. It represents a project that could be developed using currently
implemented shallow water foundation technology such as a monopile. By being located five
miles from shore, the project would take advantage of increased wind speeds by being away
from the slowing effects of land. Interconnection is assumed to be by one or more 138kV
submarine cables from an off-shore substation to an existing on-shore substation. On-shore
transmission upgrades are assumed to be minimal due to existing infrastructure that serves the
load center. It is assumed that basic transmission interconnections are included in the total cost,
although this was not clear from the information used to establish the on-shore / off-shore cost
differentials. The collection system between turbines would likely be a 35kV submarine system.
This scenario assumes a vessel capable of installing the turbines and foundations is available in
the Great Lakes.

Cost of energy (real, levelized) is calculated assuming 50 percent debt / 50 percent equity
financing and private development.
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Assumptions

Installed Cost: 140 to 200 percent of on-shore costs®’
2007 On-Shore Average Costs: $2,000/kW~*

Installed Cost (2007$): $2,800 to $4,000/kW

Total Installed Cost: $560 to $800 million

O&M Cost: 125 to 250 percent of on-shore costs
2007 Average O&M Costs: $0.01/kWh*

O&M Cost (20078$): $0.0125 - $0.02/kWh

Discount Rate: 8.5 percent

Rate of Return: 11.0 percent (Utility rate of return)
Lifetime: 25 years

Capacity Factor: 35 percent net of losses

Cost of Energy Range (Calculation): $0.112 - $0.169/kWh

3.3.5.6.2 Deep Water Scenario

This scenario includes a 1000 MW project located about 20 miles off-shore using 5 MW
wind turbines in a water depth of 70 meters (231 feet). This site would cover approximately 56
square miles. It represents a project that would use deep water foundation technology that is
currently being developed or is in conceptual design. By being located 20 miles from shore,
wind speeds would be further increased over the shallow water scenario by being further away
from the slowing effects of land. The interconnection is assumed to be two 345kV submarine
cables to two on-shore substations and that the collector system is a 35kV submarine system. It
is assumed that the costs of the transmission interconnections are included in the total cost,
although this was not clear from the information used to establish the on-shore / off-shore cost
differentials. Significant transmission system upgrades may be needed to integrate this project,
and these costs have not been included. This scenario assumes a water craft for setting the
turbines and foundations is available in the Great Lakes.

37 Robert Owen, a member of the Engineering/Economics Work Group, disagreed as to probable capital costs for
initial shallow-water off-shore wind. He believes the likely cost range in 2012-2013 will be 140 to 170 percent of
on-shore installed costs, with about 160 percent the most likely. He expects these costs to gradually decline relative
to on-shore costs after 2013, as shallow water off-shore technology matures.

¥ Based on U.S. Department of Energy — Energy Efficiency and Renewable Energy’s Annual Report on U.S. Wind
Power Installation, Cost and Performance Trends: 2007

3 Based on U.S. Department of Energy — Energy Efficiency and Renewable Energy’s Annual Report on U.S. Wind
Power Installation, Cost and Performance Trends: 2007
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Installed Cost:

2007 On-Shore Average Costs:
Installed Cost (20079%):

Total Installed Cost:

O&M Cost:

2007 Average O&M costs:
O&M Cost(20079$):

Discount Rate:

Rate of Return:

Lifetime:

Capacity Factor:

Cost of Energy Range (Calculation):

Assumptions
185 to 300 percent® of on-shore costs*
$2,000/kW
$3,700 to $6,000/kW
$3.7 to $6 billion
125 to 250 percent of on-shore costs
$0.01/kWh*
$.0125 to $.025/kWh*
8.5 percent
11.0 percent (Utility rate of return)
25 years
40 percent net of losses
$0.126 to $0.211/kWh

Table 3.5: Summary Table of Energy Cost ($/KWh) for Two Hypothetical Scenarios

Energy Cost ($/kWh)
Shallow Water Scenario Deep Water Scenario

O&M ($/kWh) $560M $800M $3.7B $6.0B
$0.0125 $0.112 $0.152 $0.126 $0.195
$0.0250 $0.128 $0.169 $0.143 $0.211

To the extent that capacity factors continue to improve with off-shore wind project
experience, the cost/kWh will be reduced.

3.4 Constructability/Meteorological Issues

3.4.1 Wind Resources - Lakes Michigan and Superior

Four recent studies analyzed Great Lakes wind resources. AWS Truewind, a provider of
renewable energy consulting services, addressed off-shore winds as part of its 2003 Michigan

* Estimate based on deep water costs being higher than shallow water costs and could be potentially significantly
higher.

I Robert Owen, a member of the Engineering/Economics Work Group, disagreed as to probable capital costs for
deeper water off-shore wind development. He believes the likely cost range in 2012 to 2013 will be 160 to 200
percent of on-shore installed costs, with about 185 percent most likely. He expects these costs to substantially
decline relative to on-shore costs after 2013 as deep water technology, now brand new, improves.

2 Based on U.S. Department of Energy - Energy Efficiency and Renewable Energy’s Annual Report on U.S. Wind
Power Installation, Cost and Performance Trends: 2007

* Robert Owen, a member of the Engineering/Economic Work Group, disagreed as to probable operation and
maintenance costs for off-shore wind energy projects. He thought the likely operation and maintenance cost range
in 2012 to 2013 will be about 120 to 150 percent of the on-shore costs per MWh, with about 135 percent most
likely. He expects these costs to gradually decline after 2013 as off-shore experience increases and condition
monitoring technology improves.
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and 2006 Wisconsin Wind Map Studies.** Superior Safety and Environmental Services, Inc.
(SSE) addressed Lake Michigan winds adjacent to southeast Wisconsin in 2004.* More
recently, AWS Truewind released a new wind map for the entire Great Lakes Region.*

The most recent AWS Truewind map shows less robust wind regimes close to Lake
Michigan’s shoreline along the Wisconsin shore than the three earlier studies. Even with the less
robust wind regimes being shown, off-shore wind for the vast majority of Lake Michigan waters
is rated as Class 4 and 5, compared to the best on-shore winds in Wisconsin which are Class 3.

Raw wind speed data is available from two mid-lake buoys in Lake Michigan (buoys
45002 and 45007) and four mid-lake buoys in Lake Superior (buoys 45001, 45004, 45006 and
45136). The buoys are typically brought in during the winter. Below is a map identifying
weather buoys operated by the National Data Buoy Center, a division of National Oceanic and
Atmospheric Administration.

* The 2003 Michigan Study is not currently available and is apparently in the process of revision. The 2006
Wisconsin Study is available at the Wisconsin Focus on Energy Website in the form of maps which can be
downloaded. http://www.focusonenergy.com/Information-Center/Renewables/Wind-Maps-Data/

* The SSE Study is available at the Wisconsin Focus on Energy Wind Map Page.
http://www.focusonenergy.com/files/Document Management System/Renewables/lakemichigan windresourcefinal

report.pdf
* The AWS Truewind Great Lakes Study, completed May 2008, is available on its website at:

http://www.awstruewind.com/maps/offshore.cfm. This study was financed by NREL, several Great Lakes states,
and the Province of Ontario.
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Figure 3.5: Great Lakes Area Weather Buoy Sites
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Source: National Oceanic and Atmospheric Administration (NOAA), National Data Buoy
Center

Given that there are only two buoys located mid-lake in Lake Michigan, there is a
relatively high level of uncertainty as to the available off-shore wind resources. This uncertainty
could be minimized in the future by obtaining off-shore wind measurements closer to potential
wind development areas. UW-Milwaukee Professor Paul Roebber, a meteorologist, is leading an
effort to put a sodar on the Racine Reef Lighthouse to addr